T raumaTic brain injury (TBI) is a major cause of death and disability in children worldwide. Each year in the United States, 473,947 children visit the emergency department due to head trauma. Of these, 35,000 are hospitalized and 2,100 die as a direct result of their injury. 10, 12 In survivors, behavioral issues, neurocognitive deficits, and motor disabilities are extremely common long-term problems.
deterioration are precluded (children sedated and mechanically ventilated for associated traumatic injuries). Therefore, a simple, noninvasive way to identify which of these patients is developing intracranial hypertension and in whom ICP monitoring should take place is desirable. There are also some patients with severe TBI who would benefit from ICP-directed therapy but in whom invasive ICP monitoring is contraindicated (severe coagulopathy) or not available (resource-poor settings). Therefore, identifying a noninvasive, simple means by which pressure changes over time can be accurately and reliably monitored is extremely important.
Transcranial Doppler (TCD) ultrasound is noninvasive and portable, and has been used to assess cerebral hemodynamics in a variety of clinical settings. 1, 2, 14 It has been shown that as ICP rises, typical changes in cerebral blood flow velocities can be measured by TCD. 9, 15 Several studies have suggested that TCD-derived end diastolic flow velocity (Vd) and pulsatility index (PI) are useful as noninvasive estimates of ICP in adults with TBI. 7, 8, 16, 19, 20, 29, 30 There are very limited and opposing data on the utility of TCD-derived Vd and PI to noninvasively screen for intracranial hypertension and to follow ICP over time in children with TBI. 11, 13, 21 Given these conflicting reports in children, we designed this prospective, observational trial to further evaluate the relationship between PI, end Vd, and ICP in infants, children, and adolescents with severe TBI. We hypothesized that TCD-derived parameters would be useful as a noninvasive screening tool to detect elevated ICP and could be used longitudinally to noninvasively estimate ICP in this patient population.
methods

Patients
This was a prospective, observational trial involving 36 children (age 0-17 years) admitted to the pediatric intensive care unit with a diagnosis of severe TBI (postresuscitation GCS score ≤ 8) who had an ICP monitor in place (external ventricular drain or parenchymal monitor, Camino or Licox, Integra Neurosciences). The type of intraparenchymal monitor that was used was left to the discretion of the neurosurgical attending physician. Demographic data such as age, sex, GCS score, and mechanism of injury were recorded for all participants. This study was approved by the institutional review board, and consent was obtained prior to participation for all subjects.
tcd examinations
Daily TCD measurements were conducted transtemporally using a commercially available 2-MHz transducer (Sonara Digital TCD, CareFusion). The quality of the data obtained by TCD is highly influenced by operatordependent factors. All TCD evaluations were performed by 3 individuals who are trained and experienced in TCD practices. In training sessions prior to the study, a coefficient of variation < 10% for each study measurement between sonographers was demonstrated. All initial TCD evaluations were performed within 24 hours of the injury. TCD measurements were routinely performed on the middle cerebral artery (MCA) ipsilateral to the ICP monitor. The depth and angle of insonation giving the highest mean flow velocity (Vm) in the MCA was always chosen. Recorded parameters included peak systolic flow velocity (Vs), Vm, and Vd. The PI was calculated by the TCD unit according to the method described by Gosling. 13 Based on previous studies that successfully used TCD-derived parameters to predict intracranial hypertension in children following TBI, threshold values of Vd < 25 cm/sec or PI > 1.3 were used in this protocol. 21 TCD recordings were included in the study as long as arterial carbon dioxide tension was between 30-45 mm Hg and hemodynamics were stable with blood pressure within the normal range for age. TCD studies were excluded if a reversal of flow pattern consistent with brain death was observed or if the flow velocities met diagnostic criteria for vasospasm. Simultaneous measurement of the ICP was taken at the time of the TCD study. Due to overhead monitoring practices of ICP, sonographers were not blinded to ICP measurements at the time of the TCD examination.
statistical analysis
Descriptive values were expressed as frequencies for dichotomous variables and as mean ± SD or median (minimum-maximum value) for continuous variables. Categorical variables were compared between groups using Fisher's exact test. For comparison of continuous variables between groups, independent sample t-test or Wilcoxon rank-sum test was used. Pearson's correlation coefficient was used to test the general correlation between Vd, PI, and ICP. Examination of binary values for Vd, PI, and ICP was also performed. A threshold of Vd ≤ 25 cm/sec and a PI threshold of 1.3 were set based on previous studies. 9, 13, 21 A threshold of 20 mm Hg was set for the ICP as this is the recommended threshold for initiation of ICP treatment in children with TBI. 18 Data analysis was performed using SPSS version 17 (SPSS Inc.). A p value ≤ 0.05 was considered significant.
results
A total of 148 TCD recordings (36 postinjury Day 0-1, 112 subsequent) were performed on 36 children with severe TBI. Mean age of the cohort was 6.6 years (± 4.8 years, range 7 months-15 years). Mean GCS score was 5.8 ± 2 (range 3-8). The cohort included 21 boys and 15 girls. Mechanism of injuries for these patients included motor vehicle accidents (n = 13), falls (n = 4), pedestrian versus automobile (n = 9), abusive head trauma (n = 7), and other (n = 3). Thirteen patients (36%) underwent primary decompressive craniotomy for mass lesion within the first 24 hours of admission. The mean time from admission to the first TCD assessment was 12 ± 5 hours (range 6-23 hours).
On initial evaluations on postinjury Day 0-1 (within 24 hours of injury), ICP was ≥ 20 mm Hg in 8 patients (22.2%). Mean ICP for these patients was 35 ± 14 mm Hg (range 21-60 mm Hg). ICP measurements on postinjury Day 0-1 were < 20 mm Hg 77.8% of the time. Mean ICP for this group was 10 ± 4.6 mm Hg (range 3-19 mm Hg).
The mean PI for the children with an initial ICP ≥ 20 mm Hg was 1.9 ± 0.61 (range 1.3-3.1). The mean PI for the children with an initial ICP < 20 mm Hg was 0.95 ± 0.35 (range 0.35-1.6, p = 0.03) ( Table 1) . Using a threshold of 1.3, the initial PI had 100% sensitivity and 82% specificity at predicting an ICP ≥ 20 mm Hg (n = 8) ( Table 2) . A moderately strong relationship was observed between MCA PI and ICP (r = 0.611, p = 0.01) on postinjury Day 0-1 ( Fig. 1) .
Mean Vd when postinjury Day 0-1 ICP was ≥ 20 mm Hg was 21 ± 18 cm/sec (range 3-61 cm/sec), and mean Vd when initial ICP was < 20 mm Hg was 62 ± 27 cm/sec (range 16-129 cm/sec, p = 0.001) ( Table 1) . Using an initial Vd threshold of < 25 cm/sec, the sensitivity to predict an ICP ≥ 20 mm Hg was 56% (data not shown). Postinjury Day 0-1 MCA Vd correlated less well than PI with actual ICP (r = -0.484, p = 0.01) (Fig. 2) .
Postinjury Day 2 (> 24 hours from injury) or later ICP measurements were ≥ 20 mm Hg 33 times (29%) and < 20 mm Hg 79 times (71%). In patients with intracranial hypertension (ICP ≥ 20 mm Hg), the mean ICP was 31 ± 11 mm Hg (range 21-67 mm Hg). The mean ICP for the children without intracranial hypertension was 10 ± 4 mm Hg (range 2-18 mm Hg).
The mean PI for the children with ICP measurements ≥ 20 mm Hg outside postinjury Day 0-1 was 1.1 ± 0.4 (range 0.5-2). The mean PI for the children with an ICP < 20 mm Hg outside postinjury Day 0-1 was 0.99 ± 0.3 (range 0.5-1.7, p = 0.3). Outside postinjury Day 0-1, the sensitivity and specificity of a MCA PI threshold of 1.3 to predict intracranial hypertension was 47% and 84%, respectively (data not shown). After postinjury Day 0-1, a weak relationship between ICP values and MCA PI was found (r = 0.376, p = 0.01) (Fig. 3) .
On these subsequent measurements, mean Vd when ICP was ≥ 20 mm Hg was 42 ± 26 cm/sec (range 22-80 cm/sec) and mean Vd when ICP was < 20 mm Hg was 56 ± 24 cm/sec (range 37-120 cm/sec, p = 0.06) ( Table 1) . The sensitivity and specificity of an MCA Vd < 25 cm/sec to detect an ICP ≥ 20 mm Hg outside postinjury Day 0-1 was 63% and 12%, respectively (data not shown). Additionally, the relationship between ICP and MCA Vd weakened further than what was seen in the early postinjury phase (r = -0.284, p = 0.01, data not shown).
Due to concerns that an open fontanelle may influence the typical TCD waveform pattern of ICP elevation, data from infants and children < 1 year of age (n = 6) were removed and the analysis was repeated. No significant improvement in the relationship between PI and ICP outside of postinjury Day 0-1 was found (r = 0.39, p = 0.01, data not shown). Due to similar concerns in those patients who underwent a decompressive craniotomy (n = 13), PI and ICP values that were obtained following that procedure were also removed and the analysis was repeated. Again, no significant improvement in the relationship between PI and ICP outside of postinjury Day 0-1 was seen (r = 0.35, p = 0.01, data not shown).
discussion
In children with severe TBI, knowledge of ICP is essential to help guide treatment. However, direct ICP monitoring is invasive, associated with complications, and not always possible based on clinical contraindications. Thus, finding an alternative means by which to accurately assess ICP and determine if invasive monitoring should be pursued is desirable.
TCD ultrasound is portable and noninvasive, and has been used to evaluate the cerebral hemodynamics of critically ill adults and children. 3, 4, 12, 14, 21, 24, [26] [27] [28] The TCD probe is placed over different "acoustic windows" that are specific areas of the skull where the cranial bone is thin. Most commonly, the temporal window is used to visualize the MCA. The TCD ultrasound probe emits an ultrasonic beam of 2-MHz frequency. The beam is reflected off the erythrocytes within the artery being evaluated, is received by the ultrasound probe, and is converted to an electrical signal. This information is then processed to obtain a waveform that represents blood flow velocity through the insonated vessel. By taking repeated measurements, advancing by small increments along the entire length of each cerebral vessel, flow velocities throughout the cerebral circulation can be readily determined.
Typical TCD waveform changes have been described during various pathophysiological states. In a feline model of progressive intracranial hypertension, Nagai and colleagues demonstrated that incremental increases in ICP produced typical changes in TCD waveforms. 23 An increase in ICP brought about a more rapid reduction in flow velocity in the diastolic phase than in the systolic phase. This resulted in a pronounced difference between peak systole and the end of diastole. The PI is a value that is calculated by the TCD software according to the following equation: (peak Vs -end Vd)/timed Vm). Therefore, not only was there a progressive reduction in the measured end Vd but also a progressive increase in PI as ICP rose. These findings suggest elevated PIs and low end diastolic volumes may correlate with measured ICP.
Indeed, studies in adults with TBI have shown a favorable correlation between ICP and TCD-derived PI and Vd. 8, 9, 16, 20, 30 Bellner et al., in a study involving 81 patients with mixed etiologies of neurological disease, found a strong relationship between PI and the ICP (r = 0.938, p 
< 0.0001).
7 Using the PI, this study found that an ICP ≥ 20 mm Hg was predicted with a sensitivity of 0.89 and a specificity of 0.92. Additionally, in a group of 41 patients who had suffered TBI, Chan et al. found that as ICP increased or mean arterial blood pressure decreased, there was a reduction in measured cerebral blood flow velocities with Vd falling more than Vs. 8 This resulted in an increase in PI with good correlation between measured ICP and PI (r = 0.942, p < 0.0001). However, findings from other studies in adults with neurological illness and injury are in direct contrast to these and suggest that TCD-derived parameters are clinically inadequate predictors of ICP. 6, 9, 31 To date, there have only been 2 studies evaluating the use of TCD-derived parameters to predict ICP in children with TBI. 13, 21 Melo et al. retrospectively reviewed the TCD evaluations on 117 head injured children with ICP monitors in place. 20 In this study, all studies were performed during the resuscitation phase within the first 20 minutes of arrival to the treatment center. Using threshold values of Vd < 25 cm/sec or PI > 1.3, TCD had a 94% sensitivity at predicting an initial ICP ≥ 20 mm Hg. Those authors concluded that TCD could be used as a first-line method to identify those children with elevated ICP in need of more invasive ICP monitoring. In a study involving 34 children with severe TBI, Figaji et al. performed 291 TCD recordings over the course of their intensive care unit stay. 12 Median day of TCD testing for this study was Day 3 (range 1-10 days postinjury). Using a threshold of 1.2 for the PI, the sensitivity of detecting an ICP ≥ 20 mm Hg was only 11.5%. Only a weak relationship between MCA PI and ICP was discovered (r = 0.36, p = 0.4). The authors, therefore, concluded that the PI is not a reliable guide to estimate the absolute ICP in pediatric patients with severe TBI.
Given the relative paucity of literature on this topic in pediatric patients, we performed the current prospective, observational study to further evaluate the utility of TCD-derived MCA PI and Vd to noninvasively determine ICP in children with TBI. In general, our findings show a weaker relationship between ICP and PI than what has been demonstrated in the majority of adult studies. 8, 9, 16, 20, 30 The reasons for this difference are unclear but are likely related to the differences between adult and pediatric TBI in regards to pathology, brain tissue compliance, CSF pulsatility, and cerebrovascular control mechanisms. 22, 25, 30, 32 The results of the 2 previous studies evaluating the utility of TCD-derived PI and Vd to noninvasively estimate ICP in pediatric patients who have suffered TBI appear to be in contrast to one another. 13, 21 However, it should be noted that the TCD evaluations in these 2 studies were performed at very different and distinct time points. In the Melo study, TCD data were obtained at an ultra-early time point in the emergency department. Figaji and colleagues performed TCD evaluations and simultaneous ICP measurements at later time points throughout the course of the management of the children (median day postinjury Day 3). In fact, our findings were consistent with both of these studies. When evaluating the correlation between postinjury Day 0-1 MCA PI measurement and ICP, we found a moderately strong relationship (r = 0.611, p = 0.01). We also, when using a cutoff of 1.3, found that the postinjury Day 0-1 PI had 100% sensitivity and 82% specificity at predicting an ICP ≥ 20 mm Hg. These findings are very significant in that they suggest that within 24 hours of injury, TCD may be used as a noninvasive screening tool to detect those children with intracranial hypertension. Following current treatment guidelines, children with severe TBI and a GCS score ≤ 8 will have an invasive ICP monitor placed based on their clinical status alone. However, there is a proportion of children who do not meet these guidelines (moderate TBI with GCS score of 9-12) who are at risk for neurological deterioration following trauma in whom reliable neurological exams are precluded due to sedation and mechanical ventilation for nonneurological injuries. The findings of this study suggest that TCD can be used in the initial critical 24 hours to detect which of these children has developed intracranial hypertension, and invasive ICP monitoring should be considered to guide management if they cannot be extubated or have sedation lifted.
It is important to note, however, that following this initial 24 hours postinjury, this relationship was lost in our study. TCD-derived parameters could no longer be used to reliably screen for intracranial hypertension or guide management in children with TBI beyond postinjury Day 1. The reasons for the loss of this relationship are not clear but may be related to known time-based changes in cerebral blood flow following TBI in children. Specifically, regional increases in blood flow related to hyperemia are known to occur following postinjury Day 1 in children. 3, 18 Hyperemia increases flow velocity measurements and could potentially obscure the impact of increased ICP on the TCD-derived parameters of Vd and PI.
Future pediatric studies with larger numbers of patients across various age groups should further evaluate the utility of TCD ultrasound to screen for intracranial hypertension. Future studies should also focus on delineating the time postinjury at which PI and Vd are no longer adequately sensitive to detect intracranial hypertension in children.
study limitations
Several potential limitations to our study exist. First, flow velocity patterns can be influenced by a number of factors such as mean arterial pressure, fever, partial pressure of carbon dioxide, hematocrit, and sedation. These factors were not controlled for in this study, so variability in them may have influenced measured TCD flow velocities and decreased the correlation between PI, Vd, and ICP. However, while each of these parameters is considered during TBI management, complete normalization of each of them while taking care of these patients is difficult. Therefore, some variability in these factors is to be expected in the management of these children, and a screening tool to evaluate for elevated ICP would need to be highly sensitive, even in the face of this variability.
Secondly, there were relatively few TCD examinations performed when the ICP ≥ 20 mm Hg (n = 41, 28%). A higher number of observations may have strengthened the relationship between PI and ICP and improved the utility of TCD at detecting intracranial hypertension outside postinjury Day 0-1. However, Bellner et al. found the best correlation occurred at lower ICPs. As ICP increased above 20 mm Hg the correlation became less convincing. 7 Lastly, TCD measurements from a relatively large age range (7 months-15 years) were included in this study. This age range represents significant differences in typical mechanism of injury, in the physiological response to injury, and in normal baseline Vd. Ideally, large numbers of children within a narrow age range should be evaluated to determine if there is a certain subset of patients in whom TCD flow velocities cannot reliably be used at any point in time or in whom it could be used to noninvasively follow ICP beyond the initial phase.
conclusions
Significant differences in postinjury Day 0-1 TCDderived PI and end Vd are seen in children with intracranial hypertension compared with children with normal ICP. Specifically, during this time frame, using a threshold MCA PI > 1.3 an ICP ≥ 20 mm Hg can be detected with excellent sensitivity and specificity by this noninvasive means. Subsequent PI measurements and end Vd outside the initial phase postinjury do not correlate well with actual ICP measurements and cannot be used to detect an ICP ≥ 20 mm Hg. We conclude that TCD-derived PI has significant clinical value when used as an early screening tool to determine children at risk for intracranial hypertension. 
